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Learning objectives for this lecture unit

Intended Learning Outcomes

Knowledge and 
Understanding

Understanding of the concept of shape efficiency
Understanding of how to explore and optimize mechanical design structures

Skills and Abilities
Ability to select efficient material-shape combinations
Ability to select structural sections for prescribed design requirements

Values and Attitudes
Awareness of how materials and shape interact
Appreciation of how shape and material properties interact

Resources

▪ Text: “Materials Selection in Mechanical Design”, 5th edition by M.F. Ashby, Butterworth Heinemann, Oxford, 2016, Chapters 10-11

▪ Software: The Ansys Granta EduPack software Structural sections data-table and the Built Environment Level 2 database

Ansys software mentioned • Ansys Granta EduPack , a teaching software for materials education

http://www.ansys.com/products/materials/granta-edupack/?utm_campaign=academic&utm_medium=referral&utm_source=education-resource&utm_content=partner_cross-bu_educator-resource-link_product-page_learn-more_na_en_global&campaignID=7013g000000gv7hAAA
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Outline

▪ Efficient shapes: tubes, I-beams etc

▪ The shape factor and shape limits

▪ Material indices that include shape

▪ Graphical ways of dealing with shape

▪ The Ansys Granta EduPack software Structural Sections 
data-table
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Shape efficiency

• When materials are loaded in bending, in torsion, or are used as slender columns, section shape 
becomes important

• ”Shape” = cross section formed to a
tubes 
I-sections
tubes
hollow box-section
sandwich panels
ribbed panels

• “Efficient” = use least material for given stiffness or strength

• Shapes to which a material can be formed are limited by the material itself

• Goals: understand the limits to shape develop methods for co-selecting material and shape
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Shape and mode of loading

Standard structural members

Area A matters,
not shape

Area A and shape IXX, IYY 
matter

Area A and shape J 
matter

Area A and shape Imin 
matter

Certain materials can be made to certain shapes:  what is the best combination?

Tie

Beam

Torsion bar

Column



©2025 ANSYS, Inc.6

Shape efficiency: bending stiffness
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Define shape factor for elastic bending, measuring efficiency, as

dy)y(by2
=I

▪  Take ratio of bending stiffness  S  of shaped section to that (So) of a neutral reference section of the same cross-
section area

▪ Define a standard reference section: a solid square with area A = b2 

▪ Second moment of area is I; stiffness scales as EI.

b

b

Area A is 

constant

Area A = b2

Area A and 
modulus E 
unchanged
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Properties of the shape factor

▪ The shape factor is dimensionless – a pure number.

▪ It characterizes shape.

• Each of these is roughly 10 times stiffer in bending than a 
solid square section of the same cross-sectional area 

Increasing size at constant shape

Circular tubes, 
10e 

I-sections, 
10e 
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Shape efficiency: bending strength
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Define shape factor for onset of plasticity (failure), measuring efficiency, as

Area A is 
constant

▪ Take ratio of bending strength  Ff  of shaped section to that (Ff,o) of a neutral reference section of the 
same cross-section area

▪  Section modulus of area is Z;  strength scales as Zy

Area A = b2

Area A and 
yield strength
      unchangedy
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Tabulation of shape factors
Section shape Area A
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What values of e exist in reality?
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Limits for shape factors e and f

▪  Limit set by: (a)  manufacturing constraints
  (b)  local buckling

Material         Max e   Max f 

Steels         65  13

Aluminum alloys        44  10

GFRP and CFRP             39  9

Unreinforced polymers       12  5

Woods          8  3

Elastomers        <6  -

Other materials        ...can calculate

▪  Theoretical limit: 
y

e

E


 2

Modulus

Yield strength

▪ There is an upper limit to shape factor for each material
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Indices that include shape

m = mass
A = area
L = length
 = density
b = edge length
S = stiffness
I = second moment of area
E = Youngs Modulus

Beam (shaped section). 

Bending stiffness = S:

I is the second moment of area:
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Selecting material-shape combinations

Material                , Mg/m3  E, GPa              e,max

1020 Steel             7.85                  205                  65                  0.55                  0.068            

6061 T4 Al             2.70                  70                    44                   0.32                 0.049

GFRP                       1.75                  28                   39                   0.35                 0.053

Wood (oak)             0.9                   13                    8                    0.25                 0.088

2/1E/ ( ) 2/1
max,e E/ 

▪  Materials for stiff, shaped beams of minimum weight

▪  Fixed shape (e fixed):  choose materials with low

▪  Shape e a variable: choose materials with low

▪  Commentary:     Fixed shape (up to e = 8):  wood is best

                              Maximum shape (e = e,max):  Al-alloy is best

                              Steel recovers some performance through high e,max

2/1E
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Shape on selection charts
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Data organization: structural sections

Standard

prismatic sections 

Universe

Structural 
sections

Family

• Angle

• Channel

• I-section

• Rectangular

• T-section

• Tube

Attributes

A record

Steel Hot Rolled Joist

• General properties: , E, y

• Dimensions: Max depth, width,...

• Section:  Area, I, Z, K, Q ...

• Structural: EI, y Z, ...

Material and Member

Aluminium

Glass Vinyl Ester

Steel Hot Rolled Steel
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Ansys Granta EduPack software database for the Built 
Environment

Records for
1881 sections 
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Part of a record for a structural section

Pultruded GFRP Vinyl Ester Circular Hollow-(44 x 6.35)

*A selection of attributes are shown
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Example: selection of a beam

D = beam depth
B = width
I = second moment of area
E = Young’s modulus
Z = section modulus
y = yield strength (Y in database) 

Beam

Dimension

Width B < 150 mm 

Depth D < 200 mm

Function  

Specification

Constraints Required stiffness:

E Imax > 105 N.m2

Required strength:

y Z  >  103 N.m

F

D

B
Custom Subset

Structural SubSections
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Applying constraints with a Limit stage

5 15  Dimensions        Minimum Maximum

         Max depth, D                                                                                          m

         Max width, B                                                                                           m 

  Structural Attributes

       Bending stiffness E.Imax                        N.m2

         Failure moment Y. Zmax                                                                      N.m

0.2

0.15

100000

1000

Custom subset of Structural Section

Result :  294 sections out of 1881 meet these constraints

(a) Find lightest beam

(b) Find cheapest beam

(c) Find beam with lowest embodied energy

Objectives 
That meets the 
constraints
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Minimizing mass for given EImax

Results

✓ Extruded Aluminum Channel (140x40x1.74)

✓ Extruded Aluminum Channel (152.4x28.6x1.75)

✓ Extruded Aluminum Channel (130x50x1.82)

Bending Stiffness EI  vs.
mass per unit length
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Minimizing cost for given EImax

Results

✓ Sawn Softwood section-(175x25x2.41)

✓ Sawn Softwood section-(200x22x2.42)

✓ Sawn Softwood section-(200x25x2.75)

Bending Stiffness EI  vs.
price per unit length
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Minimizing embodied energy for given EImax

Results

✓ Sawn Softwood section-(175x25x2.41)

✓ Sawn Softwood section-(200x22x2.42)

✓ Sawn Softwood section-(200x25x2.75)

Bending Stiffness EI  vs.
Embodied energy per unit length
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Minimizing embodied energy for given EImax
Results

✓ Sawn Softwood section-(175x25x2.41)

✓ Sawn Softwood section-(200x22x2.42)

✓ Sawn Softwood section-(200x25x2.75)

✓ Sawn Softwood section-(150x36x2.97)
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Summary

▪ When materials carry bending, torsion or axial compression, the section shape becomes important.

▪ The “shape efficiency” is the amount of material needed to carry the load.  It is measured by the shape 
factor, .

▪ If two materials have the same shape, the standard indices for bending (e.g.                ) guide the choice.

▪ If materials can be made -- or are available -- in different shapes, then indices which include the shape 
(e.g.                      ) guide the choice.

▪ The Ansys Granta EduPack software Structural sections data-table and the Built Environment database 
allows standard sections to be explored and selected to meet multiple constraints

▪ It introduces the idea of choice to optimize weight, price or environmental impact

2/1E/

( ) 2/1
E/ 
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Ansys Education Resources Feedback Survey

Here at Ansys, we rely on your feedback to ensure the educational content we create is 
up-to-date and fits your teaching needs. 

Please click the link below to fill out a short survey (~7 minutes) to help us continue to 
support academics around the world utilizing Ansys tools in the classroom. 

Feedback Survey Link

Feedback Survey Link

https://ansys.typeform.com/to/jcattJI5
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Use and Reproduction

The content in this resource may only be used or reproduced for teaching purposes; and any commercial use is strictly prohibited. 

Document Information

This lecture unit is part of a set of teaching resources to help introduce students to materials, processes and rational selections.

Ansys Education Resources

To access more undergraduate education resources, including lecture presentations with notes, exercises with worked solutions, microprojects, real 

life examples and more, visit www.ansys.com/education-resources.
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